1. Introduction {#sec1-sensors-18-01898}
===============

A coastline is the continuous boundary between land and ocean masses. It is the baseline for dividing the administrative area of the ocean and the land, and serves as the dividing line between the ocean depth datum and the land elevation datum. Monitoring the dynamic change of coastline is of great significance for the ocean management \[[@B1-sensors-18-01898],[@B2-sensors-18-01898],[@B3-sensors-18-01898],[@B4-sensors-18-01898]\].

Field measurements (e.g., GPS and total station) are the traditional methods for coastline detection. Although the field detection of the coastline is detailed and accurate, it is time-consuming and laborious, and thus difficult to conduct in large area \[[@B4-sensors-18-01898]\]. Optical remote sensing provides a fast and effective method for detecting dynamic changes of coastline \[[@B5-sensors-18-01898]\]. However, its application are greatly limited by weather and tide conditions. Recently, coastline detection from synthetic aperture radar (SAR) image has had faster growing development due to its wide spatial coverage, high resolution, strong penetration ability, and all-day/all-weather imaging capabilities \[[@B6-sensors-18-01898]\].

In recent years, many scholars have studied the automatic coastline detection technologies with SAR images. Modava et al. \[[@B2-sensors-18-01898]\] combined the active contour model and spatial fuzzy clustering to test the ALOS-2 ScanSAR images in Strait of Glibraltar and a part of the Alboran Sea. Horritt \[[@B7-sensors-18-01898]\] segmented the ERS-1 SAR image of the UK's east coast by statistical active contour model on homogeneous speckle statistics region. Liu et al. \[[@B8-sensors-18-01898]\] combined the region-based and edge-based active contour models in two different scales, and tested the algorithm with TerraSAR-X and RADARSAT-2 date. Hao et al. \[[@B9-sensors-18-01898]\] extracted the RADARSAT image gradient in a coastal area by using Roberts operator, and then used Maximum Entropy to segment SAR image. Zhang et al. \[[@B10-sensors-18-01898]\] adopted mathematical morphology and the Otsu algorithm to extract coastline in ENVISAT ASAR images. Xie \[[@B11-sensors-18-01898],[@B12-sensors-18-01898]\] employed two RADARSAT ScanSAR images of multiple ships and multiple islands for costaline detection based on the seeds growing method. Niedermeier et al. \[[@B13-sensors-18-01898]\] applied an edge detection method to determine the boundary by a blocktracing algorithm, and used an active contour model algorithm to detect coastline in the Elbe estuary with the ERS-2 SAR image. Alonso et al. \[[@B14-sensors-18-01898]\] presented an unsupervised edge enhancement algorithm based on a combination of wavelet coefficients at different scales with RADARSAT-1, ENVISAT, and ERS-1 images, respectively. Zhang \[[@B15-sensors-18-01898]\] applied stationary wavelets to decompose ENVISAT image over the eastern coast of the mainland of China, and obtained the coastline according to wavelet coefficient gradient information. Ding et al. \[[@B16-sensors-18-01898],[@B17-sensors-18-01898],[@B18-sensors-18-01898]\] achieved the extraction of water-land boundaries from ENVISAT and COSMO-SkyMed SAR data, respectively. Nunziata et al. \[[@B19-sensors-18-01898],[@B20-sensors-18-01898]\] exploited the COSMO-SkyMed SAR data to distinguish sea and land in the North Sea and Gulf of Naples. Gou et al. \[[@B21-sensors-18-01898]\] extracted polarimetric and texture information from the three channels of ALOS-2 PALSAR images to distinguish sea and land. Wang et al. \[[@B22-sensors-18-01898]\] proposed a classification chain for detecting sediments in intertidal zones with ALOS PALSAR-2 data. Buono et al. \[[@B23-sensors-18-01898]\] tested the F--D and the H/α classification algorithms with RADARSAT-2 SAR images in the Yellow River delta.

The Gaofen-3 satellite was launched by the China Academy of Space Technology (CAST) on 10 August 2016, which is the first multi-polarization C-band SAR imaging satellite in China with a resolution of up to 1 m \[[@B24-sensors-18-01898]\], also the only civil microwave remote sensing satellite in the "National high resolution to earth observation system major project" \[[@B25-sensors-18-01898]\]. The Gaofen-3 satellite has the characteristics of high resolution, large imaging width, high radiation precision, and multi-imaging mode. It can monitor the global ocean and land in all day and all day, and expand the range of observation and promote the quick response ability through the left and right attitude maneuvers \[[@B25-sensors-18-01898]\]. The Gaofen-3 satellite can switch between 12 specific modes according to the bandwidth and spatial resolution requirements, and freely switch the spatial resolution in a range from 500 to 1 m. Meanwhile, the Gaofen-3 satellite has double-polarizations and full-polarizations, which can greatly expand the observation and application ability \[[@B26-sensors-18-01898]\]. Main technical specifications of Gaofen-3 satellite are shown in [Table 1](#sensors-18-01898-t001){ref-type="table"}.

The successful launch of the Gaofen-3 satellite has changed the status of China's civilian high resolution SAR images relying on imports, which can provide high-quality, high-precision earth observation SAR data for users in both domestic and overseas \[[@B25-sensors-18-01898]\]. In this paper, we focus on demonstrating the applicability of the Gaofen-3 images in the detecting of coastlines by carrying out the experiments in Bohai and Taihu, China, respectively. In order to reduce the noise interferences in the Gaofen-3 images, the classical Fuzzy C-means (FCM) algorithm is employed due to its good clustering effect and low computational complexity, but has been improved by integrating the wavelet decomposition algorithm to better suppress the inherent speckle noises of SAR image. In addition, comparisons are conducted between the Gaofen-3 data and the Sentinel-1 data acquired over the same region. To our knowledge, the results demonstrate the first attempt for coastline detection with Gaofen-3 data. The remainder of this paper is organized as follows. [Section 2](#sec2-sensors-18-01898){ref-type="sec"} introduces the Gaofen-3 SAR data and the test sites used. Detail algorithms for the coastline detection are presented in [Section 3](#sec3-sensors-18-01898){ref-type="sec"}. Then, the results of Gaofen-3 data and the assessment are given in [Section 4](#sec4-sensors-18-01898){ref-type="sec"}. Conclusions are summarized in [Section 5](#sec5-sensors-18-01898){ref-type="sec"}.

2. Experimental Sites and Used Data {#sec2-sensors-18-01898}
===================================

2.1. Experimental Sites {#sec2dot1-sensors-18-01898}
-----------------------

In this study, experimental data was selected from the test sites in Bohai, Tianjin Province and Taihu, Anhui Province. The specific locations are shown in [Figure 1](#sensors-18-01898-f001){ref-type="fig"}.

Bohai is surrounded by the northern Liaodong Bay, the western Bohai Bay, the southern Laizhou Bay, central basin, and the Bohai Strait \[[@B27-sensors-18-01898]\]. Bohai Bay is a semi-enclosed sea located at the north of China \[[@B28-sensors-18-01898]\]. The seabed terrain is from the shore in the south to the sea lean in the north. There are large amounts of sediments in coastal rivers, which are mainly constituted by fine particles of silt and sludge. Its western coast is Tianjin Port, which is densely populated and has industrialized zones, with rich oil and gas resources, and is the fifth largest port in the world \[[@B29-sensors-18-01898]\]. Since Bohai Bay is an important economic development zone, there are many ports zone and many kinds of aquaculture farms in the coastal \[[@B30-sensors-18-01898]\]. Moreover, there are many rivers and long shallow sea beaches in the area, forming a good wetland landscape.

Taihu is located in the southern margin of Changjiang delta \[[@B31-sensors-18-01898]\], which is one of the five largest freshwater lakes in China. The Taihu basin is dominated by the plain, the terrain is characterized by high surrounding and low middle, forming a natural basin. The middle of Taihu is a plain and low-lying land, and Tianmu Mountain, the Maoshan and the foothills are located in the West. Vegetation is mainly distributed in hilly and mountainous areas of the Taihu basin. In addition, there is a certain amount of cyanobacteria in the water.

2.2. Used Data {#sec2dot2-sensors-18-01898}
--------------

In this study, we used the Gaofen-3 satellite images in the regions of the Bohai Bay and the Western of Taihu, both of which were acquired on 20 August 2016. The Gaofen-3 images are shown in [Figure 2](#sensors-18-01898-f002){ref-type="fig"}a,c. The detailed information of the Gaofen-3 data is shown in [Table 2](#sensors-18-01898-t002){ref-type="table"}.

In order to verify the performance of Gaofen-3 data in the coastline detection, the Sentinel-1 data, which were provided by the SAR satellite launched by ESA in 2014, were acquired over the same regions in this study. It should be highlighted that the Sentinel-1 data is the unique source of publicly downloadable data in the world. Since it is quite difficult to obtain the Sentinel-1 images acquired at the same date as the Gaofen-3 data in the study areas, we choose the Sentinel-1 data acquired at the closest time. The Sentinel-1 images are shown in [Figure 2](#sensors-18-01898-f002){ref-type="fig"}b,d. The basic information of the Sentinel-1 data is also shown in [Table 2](#sensors-18-01898-t002){ref-type="table"}.

3. Method {#sec3-sensors-18-01898}
=========

In this study, the classical FCM algorithm was improved for the coastline detection with Gaofen-3 image by combining it with stationary wavelet decomposition.

FCM is an unsupervised clustering algorithm initially, which has a low computational complexity \[[@B32-sensors-18-01898]\]. The main idea of this method is distributing the data into clusters that minimizes the similarity degree among the objects divided into the same cluster, and maximizes the dissimilarity among the different clusters \[[@B33-sensors-18-01898]\]. The FCM cost function can be defined as follows \[[@B34-sensors-18-01898]\]: $$J\left( {U,c_{1},\ldots c_{c}} \right) = {\sum\limits_{i = 1}^{c}J_{i}} = {\sum\limits_{i = 1}^{c}{{\sum\limits_{j}^{n}{\mu_{ij}^{m}d_{ij}^{2}}} = {\sum\limits_{i = 1}^{c}{\sum\limits_{j}^{n}{\mu_{ij}^{m}\left\| {c_{i} - x_{j}} \right\|}}}}}$$ where *μ* is the membership of pixel *x~j~* in the *i*th cluster, which ranges from 0 to 1. *c~i~* is the cluster center of the *i*th cluster. *m* represents a weighted index greater than 1, which controls the fuzziness of the segmentation results.

The membership function indicates the degree of a pixel belonging to a fuzzy set with the value between 0 and 1 \[[@B35-sensors-18-01898]\]. Its size depends on the distance to the cluster center, and the sum of the membership value of a pixel at all cluster centers is 1. The pixels close to the cluster center have a high membership values, and low membership values are allocated to the pixels far from the cluster center \[[@B34-sensors-18-01898]\]. The membership function and cluster center are updated as below \[[@B34-sensors-18-01898]\]: $$\mu_{ij} = \frac{1}{\sum\limits_{k = 1}^{c}\left( \frac{\left\| {x_{j} - c_{i}} \right\|}{\left\| {x_{j} - c_{k}} \right\|} \right)^{2/(m - 1)}}$$ $$c_{i} = \frac{\sum\limits_{j = 1}^{N}{\mu_{ij}^{m}x_{j}}}{\sum\limits_{j = 1}^{N}\mu_{ij}^{m}}$$

However, using SAR images in coastline detection is a difficult task due to the inherent speckle noise. Most denoising methods are based on spatial domain, such as Lee \[[@B36-sensors-18-01898]\], Frost \[[@B37-sensors-18-01898]\], and Kuan \[[@B38-sensors-18-01898]\] filters and their enhanced versions \[[@B39-sensors-18-01898]\]. These algorithms can work well in noise reduction, but might destroy feature edge due to the reduction of the spatial resolution. In addition, wavelet-based denoising methods has been studied in SAR images \[[@B40-sensors-18-01898],[@B41-sensors-18-01898]\]. Since the speckle noise exists in the high frequency region, the wavelet transform with good time-frequency characteristics has great potential to reduce the speckle noise as well as to preserve feature edge \[[@B42-sensors-18-01898]\], which can be assessed by employing the smoothness index (SI) and edge preserved index (ESI) \[[@B43-sensors-18-01898],[@B44-sensors-18-01898],[@B45-sensors-18-01898]\]. Therefore, in this paper we employed the wavelet decomposition to obtain the preliminary denoising SAR image, which will be used in the process of the FCM algorithm. In order to make the sub-band images have the same size as the original one, the stationary wavelet decomposition method was used \[[@B15-sensors-18-01898]\]. First, we decomposed the original SAR image into four sub-band images corresponding to approximation, vertical, horizontal, and diagonal coefficients. Since the approximation, vertical, and horizontal sub-band images all include low-pass signals, we then calculated the mean of the sub-band images, except for the diagonal one that only included high-pass signals, to generate the preliminary denoising SAR image. Although the vertical and horizontal sub-band images also included high-pass signals, they were used to preserve the edge information that also behaved as high-pass signals.

Subsequently, we needed to dispose the experimental image by the FCM clustering method. First, we initialized the cluster center and the related parameters, such as the number of classifications and the weighting exponents. According to the initial conditions and Equation (3), a new cluster center was obtained. Then we used Equation (2) to calculate the distance from each pixel to the new cluster center. This was an iterative calculation until iterations converged or reached a set number. The flow chart of the improved FCM algorithm is shown in [Figure 3](#sensors-18-01898-f003){ref-type="fig"}.

4. Results and Analysis {#sec4-sensors-18-01898}
=======================

4.1. Accuracy Evaluation Method {#sec4dot1-sensors-18-01898}
-------------------------------

The accuracy evaluation method proposed in reference \[[@B46-sensors-18-01898]\] was used in this study. Field surveying is not only time-consuming and laborious, but also inapplicable in some special areas. Therefore, the delineated manually coastline is considered as an actually coastline, which can be used as a standard for accuracy assessment. In this study, we employed the Digital Shoreline Analysis System (DSAS) tool \[[@B47-sensors-18-01898],[@B48-sensors-18-01898]\] to calculate the change between the delineated and the automatic detected coastlines by using the proposed method. The DSAS is a software extension of ArcGIS for calculating coastline change. More details can be found in references \[[@B47-sensors-18-01898],[@B48-sensors-18-01898]\]. In addition, the baseline is required when the accuracy is evaluated \[[@B49-sensors-18-01898]\].

First, the test coastline and the image were imported into the DSAS software, and we delineated the coastline manually. Then, a baseline was retrieved from a buffer built based on the extracted coastlines by removing the redundant parts. The baseline was the datum line to determine the directions of the transact lines, since the true and detected coastlines had different orientations \[[@B50-sensors-18-01898]\]. Then, we generated transact lines which were perpendicular to the baseline. The transact lines intersected with the true and detected coastlines. Finally, based on the distance between the intersection points in true and detected coastlines we calculated the error with respect to the selected indexes. There are four indexes used to evaluate the accuracy, including the mean, RMSE, P90%, and PGSD \[[@B46-sensors-18-01898]\]. The implications of P90% and PGSD were interpreted as follows:

P90%: 90% of the sampling points error within the distance.

PGSD: The percentage of sampling points within one pixel distance of the total sampling points.

The principle of accuracy evaluation is shown in [Figure 4](#sensors-18-01898-f004){ref-type="fig"}. In this paper, we selected a point every 200 m for accuracy evaluation. It should be noted that the smaller the indexes, the better the results, except the PGSD.

4.2. Experimental Results in Bohai Region {#sec4dot2-sensors-18-01898}
-----------------------------------------

[Figure 5](#sensors-18-01898-f005){ref-type="fig"}a,b shows the coastline detection results from the improved FCM method in the Bohai region with Gaofen-3 and Sentinel-1 images, respectively. In order to provide quantitative assessment, two sub-regions of the image were selected to carry out the accuracy evaluation, as indicated by the boxes in [Figure 5](#sensors-18-01898-f005){ref-type="fig"}. One was an artificial coast with a clear sea and land contrast, and the other was containing an aquaculture area.

[Figure 6](#sensors-18-01898-f006){ref-type="fig"} exhibits the coastline detection results in the sub-region A labeled in [Figure 5](#sensors-18-01898-f005){ref-type="fig"}. This area was mainly artificial coast without complex building, and the contrast between sea and land was obvious. In [Figure 6](#sensors-18-01898-f006){ref-type="fig"}, we can see that the quality of the Gaofen-3 image was very high, and the objects were clear. Sentinel-1 image was basically correct in displaying the objects, but in some areas the boundary between the land and the sea was obscured due to the low intensity of the land. Moreover, the coastline detected in the Gaofen-3 image was relatively smooth, but the Sentinel-1 image was rough and contained many branches. Although the coastlines detected by the two methods (i.e., the improved and original FCM methods) in the Gaofen-3 image were generally consistent with the manually delineated coastline, there were some errors with the results of the original FCM method.

Quantitative evaluations can be found in [Table 3](#sensors-18-01898-t003){ref-type="table"}. It was shown that in the original FCM method detection results, the Sentinel-1 image was superior to the Gaofen-3 image. However, by using the improved FCM method, the results of the Gaofen-3 image were better than those of the Sentinel-1 images with respect to the four indexes as a whole, although the RMSE of the Gaofen-3 image was a little larger than that of the Sentinel-1 image. In addition, the results of the improved FCM method were superior to those of the FCM method.

[Figure 7](#sensors-18-01898-f007){ref-type="fig"} exhibits the coastline detection results in the sub-region B labeled in [Figure 5](#sensors-18-01898-f005){ref-type="fig"}. This area included a distinct artificial coast and a mariculture with fences. It is observed in [Figure 8](#sensors-18-01898-f008){ref-type="fig"} that the image obtained by the Gaofen-3 satellite clearly show the land. The coastline detected in the Gaofen-3 image was smooth. Although the fence was displayed as a straight line in the image, it could be detected by using the both methods. Similarly, the Sentinel-1 image also clearly showed the objects, but in several areas the coastline was discontinuous.

Quantitative evaluations are shown in [Table 4](#sensors-18-01898-t004){ref-type="table"}. We can see that the results of the Gaofen-3 image with the original and improved FCM methods were both superior to those of the Sentinel-1 image with respect to the four indexes. And again, the improved FCM method had been proved to be superior to the original FCM method for detecting the coastline.

4.3. Experimental Results in Taihu Region {#sec4dot3-sensors-18-01898}
-----------------------------------------

[Figure 8](#sensors-18-01898-f008){ref-type="fig"}a,b shows the coastline detection results from the improved FCM method in Taihu region with Gaofen-3 and Sentinel-1 images, respectively. Since this area was relatively unitary and had no complex artificial buildings, one sub-region of the image were selected to carry out the accuracy evaluation, as indicated by the box in [Figure 8](#sensors-18-01898-f008){ref-type="fig"}.

[Figure 9](#sensors-18-01898-f009){ref-type="fig"} exhibits the coastline detection results in the sub-region labeled in [Figure 8](#sensors-18-01898-f008){ref-type="fig"}. This area belonged to an inland lake, there are few complex artificial buildings, and the land was relatively simple. From [Figure 9](#sensors-18-01898-f009){ref-type="fig"}, we can see that the Gaofen-3 image clearly showed the landscape but with some noises. Since the backscattering coefficient of water vegetation on radar image was larger than that of waters, water vegetation will also be shown on the image. The coastlines detected by the two methods in the Gaofen-3 image were similar with the manually delineated coastline in the whole, although there are little errors in the local regions. The Sentinel-1 image also correctly displayed the local objects, and the detection results of the improved FCM method were conformity with the manually delineated coastline.

Quantitative evaluations can be found in [Table 5](#sensors-18-01898-t005){ref-type="table"}. We can see that the Gaofen-3 image detection results with the original and improved FCM methods were both superior to those of Sentinel-1 image detection results with respect to the four indexes. However, the PGSD index of Gaofen-3 image detection results was worse than that of Sentinel-1 image detection results in original FCM method. This could be ascribed to the existence of vegetation in water, which degraded the detection precision in the disturbed area. As expected, in Taihu region the improved FCM method was also superior to the original FCM method for detecting the coastline with respect to the four indexes.

5. Conclusions {#sec5-sensors-18-01898}
==============

In this paper, the performance of the Gaofen-3 SAR data on the coastline detection was examined over the Bohai and Taihu regions in China. A novel method, which combined the classical FCM method and wavelet decomposition algorithm, was proposed for the coastline detection with SAR image. The results showed that the improved FCM method can better suppress the noise interferences in the Gaofen-3 images than the original FCM method. More importantly, it was found that the quality of the Gaofen-3 image was generally better than that of the Sentinel-1 image, which is greatly beneficial for the extraction of the details of coastline. The quantitative assessments were also conducted by comparing the detected coastlines with the manually delineated coastline. It was found that the Gaofen-3 data was superior to the Sentinel-1 data in the coastline detection, yielding improvement of about 12.0%, 8.3%, 23.8%, and 9.4% with respect to the indicators of the mean, RMSE, PGSD, and P90%, respectively. The results demonstrate that the Gaofen-3 image was more suitable for the detection of different kinds of coastlines than the Sentinel-1 image, and can meet the basic requirements of national geo-survey. However, the detection precisions of Gaofen-3 image were vulnerable to the turbid sea environment, where the boundary between sea and land was not obvious. Future research can improve the results of this study by employing the state-of-art speckle noise filters.
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![Coastline detection results from the improved FCM method in Bohai region. (**a**) Gaofen-3 image; (**b**) Sentinel-1 image. The boxes indicate the locations of the selected sub-regions.](sensors-18-01898-g005){#sensors-18-01898-f005}

![Experimental results of sub-region A in [Figure 5](#sensors-18-01898-f005){ref-type="fig"}. Red line represents the manually delineated coastline. Yellow and green lines represent the coastline detection results from the improved and original FCM methods, respectively. (**a**) Gaofen-3 image; (**b**) Sentinel-1 image.](sensors-18-01898-g006){#sensors-18-01898-f006}

![Experimental results of sub-region B in [Figure 5](#sensors-18-01898-f005){ref-type="fig"}. Red line represents the manually delineated coastline. Yellow and green lines represent the coastline detection results from the improved and original FCM methods, respectively. (**a**) Gaofen-3 image; (**b**) Sentinel-1 image.](sensors-18-01898-g007){#sensors-18-01898-f007}

![Coastline detection results from the improved FCM method in Taihu region. (**a**) Gaofen-3 image; (**b**) Sentinel-1 image. The box indicates the location of sub-region.](sensors-18-01898-g008){#sensors-18-01898-f008}

![Experimental results of sub-region in [Figure 8](#sensors-18-01898-f008){ref-type="fig"}. Red line represents the manually delineated coastline. Yellow and green lines represent the coastline detection results from the improved and original FCM methods, respectively. (**a**) Gaofen-3 image; (**b**) Sentinel-1 image.](sensors-18-01898-g009){#sensors-18-01898-f009}

sensors-18-01898-t001_Table 1

###### 

Main technical specifications of Gaofen-3 satellite.

  Imaging Modes             Resolution (m)   Imaging Bandwidth (km)   Incidence Angle (°)   Polarization Mode                                 
  ------------------------- ---------------- ------------------------ --------------------- ------------------- --------- ---------- -------- ------
  spotlight                 1                1.0\~1.5                 0.9\~2.5              10 × 10             10 × 10   20\~50     Single   
  ultra-fine strip          3                3                        2.5\~5                30                  30        20\~50     Single   
  fine strip I              5                5                        4\~6                  50                  50        19\~50     Dual     
  fine strip II             10               10                       8\~12                 100                 95\~110   19\~50     Dual     
  standard strip            25               25                       15\~30                130                 95\~150   17\~50     Dual     
  narrow scan               50               50\~60                   30\~60                300                 300       17\~50     Dual     
  wide scan                 100              100                      50\~110               500                 500       17\~50     Dual     
  global                    500              500                      350\~700              650                 650       17\~53     Dual     
  full polarized Strip I    8                8                        6\~9                  30                  20\~35    20\~41     Full     
  full polarized Strip II   25               25                       15\~30                40                  35\~50    20\~38     Full     
  wave imaging              500              500                      350\~700              650                 650       20\~41     Full     
  extended                  low              25                       25                    15\~30              130       120\~150   10\~20   Dual
  high                      25               25                       20\~30                80                  70\~90    50\~60     Dual     

sensors-18-01898-t002_Table 2

###### 

Basic information of the used data.

  Satellites   Areas   Imaging Modes   Orbits           Acquired Dates    Range Spacing   Azimuth Spacing
  ------------ ------- --------------- ---------------- ----------------- --------------- -----------------
  Gaofen-3     Bohai   FSⅡ             Descending       20 August 2016    10.0 m          10.0 m
  Taihu        UFS     Ascending       20 August 2016   3.0 m             3.0 m           
  Sentinel-1   Bohai   ISP             Descending       3 November 2016   2.3 m           14.0 m
  Taihu        ISP     Descending      19 August 2016   2.3 m             14.0 m          

sensors-18-01898-t003_Table 3

###### 

Quantitative evaluation in the sub-region A of Bohai.

  Method         Data Type   Mean (m)   RMSE (m)   P90% (m)   PGSD (%)
  -------------- ----------- ---------- ---------- ---------- ----------
  Improved FCM   Gaofen-3    5.77       5.89       10.07      94.37
  Sentinel-1     6.30        5.83       14.03      80.00      
  Original FCM   Gaofen-3    6.97       7.66       13.87      90.70
  Sentinel-1     8.53        4.81       13.14      90.00      

sensors-18-01898-t004_Table 4

###### 

Quantitative evaluation in the sub-region B of Bohai.

  Method         Data Type   Mean (m)   RMSE (m)   P90% (m)   PGSD (%)
  -------------- ----------- ---------- ---------- ---------- ----------
  Improved FCM   Gaofen-3    4.09       4.85       8.05       94.47
  Sentinel-1     5.29        5.07       11.81      94.04      
  Original FCM   Gaofen-3    10.39      7.63       18.31      80.88
  Sentinel-1     11.46       7.70       20.85      72.02      

sensors-18-01898-t005_Table 5

###### 

Quantitative evaluation in the sub-region of Taihu.

  Method         Data Type   Mean (m)   RMSE (m)   P90% (m)   PGSD (%)
  -------------- ----------- ---------- ---------- ---------- ----------
  Improved FCM   Gaofen-3    4.32       3.35       10.76      80.00
  Sentinel-1     4.55        4.27       12.12      72.88      
  Original FCM   Gaofen-3    5.80       7.64       15.08      65.38
  Sentinel-1     6.34        10.40      15.90      68.33      
